Supplementary Materials and Methods
Characterization SEM images were acquired using a Nova NanoSEM 450 (FEI) field emission scanning electron microscope. No additional metal layers were deposited onto the islands of carbon monolayer because the underlying Ge surface was highly electrical conductive. Bright field transmission electron microscopy (BF-TEM) images were obtained using a JEOL ARM 200F with probe Cs corrector at 80 kV accelerating voltage. And high resolution TEM imaging was achieved with a beam current of ~9 pA to avoid the likelihood of knock-on damage in monolayer Z-CM.
Acquisition times were typically around 5.12 s with drift correction. Raman spectra were collected using a Renishaw RM1000-Invia with laser excitation at 514 nm (2.41 eV). The detection channel was equipped with a notch filter having a 50 cm -1 cutoff frequency. The laser power was lower than 2 mW to avoid laser-induced heating of the carbon monolayer. X-Ray photoelectron spectroscopic (XPS) analysis was performed using an ESCA2000 spectrometer using monochromatic Al K radiation (1468.6 eV). The peak energies were calibrated using the C 1s peak at 284.6 eV. The thickness and surface topology of the carbon monolayer were measured using atomic force microscopy (Bruker) in the tapping mode at a slow scanning rate.
Sample preparation
To evaluate carbon monolayer samples grown from Ge substrate (including Z-CM and c-Gr), we transferred them to a desired substrate (e.g., SiO2/Si wafer) using dry transfer method. Since the dry transfer method provided clean monolayer surface, we could obtain more accurate information from various analysis tools. In order to protect the carbon monolayer samples from chemical surface contamination, Au thin film was deposited onto the surface of carbon monolayer on Ge substrate using a thermal evaporator. The resulting Au/ Z-CM/Ge (or Au/c-Gr/Ge) structure was then attached to a thermal release tape (TRT, Haeun Chemtec, RP70N5) by applying gentle pressure. The TRT/Au/Z-CM (or TRT/Au/c-Gr) was easily detached from underlying Ge substrate without using a wet etching process. Separated TRT/Au/Z-CM (or TRT/Au/c-Gr) was placed on the desired substrate and then exposed to an appropriate temperature (100 °C, 2 min). Finally, the thin Au layer over the carbon monolayer was easily removed by using a KI/I2 solution.
For TEM characterization, as-grown carbon monolayer was transferred to Quantifoil TEM grid (TedPella, #657-200-Au) by following method. After carbon monolayer growth process, we deposited thin gold film (<10 nm) on the monolayer surface. And underlying Ge substrate was etched by acid solution (Volume ratio of H2O2/HCl/BOE is 1:1:1). Au-coated carbon monolayer was then washed by D.I. water several times. Finally, we fished Au-coated carbon monolayer up with TEM grid and annealed it at 300 o C for 1 h in Ar/H2 atmosphere. During annealing process, thin gold film on graphene surface start to be balled up, providing the clean surface of graphene for TEM imaging.
The AFM measurements were collected by preparing a carbon bi-layer sample to avoid measurement errors due to differences between the interaction conditions of the AFM tip and the carbon monolayer or SiO2 substrate. Initially, the Z-CM was transferred onto a SiO2 wafer using aforementioned dry transfer method. The c-Gr then followed the Z-CM layer. The thickness of the c-Gr layer was determined based on the gap between the Z-CM and c-Gr/Z-CM layers, measured in the tapping mode scan ( fig. S12 ). The thickness of the Z-CM was obtained based on the gap between the c-Gr and c-Gr/Z-CM layers ( fig. S13 ). The monolayer and bilayer could be distinguished using electro-force microscopy (EFM). The monolayer was darker in color than the bilayer in the EFM image. A Raman map of the G band intensity at 1580 cm -1 indicated the number of graphene layers, together with the optical microscopy images ( fig. S13 ). note S1. Raman analysis.
"Ferrari's three stage model" has been mainly adopted to interpret Raman spectra of wide range of carbon films from graphite to amorphous carbon (23). In addition, we can find more specific works to understand Raman feature of amorphous carbon monolayer (13, 24, 25, 45, 46) . There is difference in amorphous carbon defined in Ferrari's model and highly disordered carbon monolayer like our Z-CM is sp 3 carbon content. The amorphous carbon of the former model is based on sputtered amorphous carbon which inevitably contains 10~20% sp 3 carbons (23). On the other hand, Z-CM or highly disordered graphene made by electron (ion) beam or plasma exposure on pristine crystalline graphene (for instance, highly ordered pyrolytic graphite (HOPG)) have much less amount of sp 3 carbon than that of the sputtered carbon layer (13, 24, 25, 45) . Major issue we need to focus on here is whether the highly disordered carbon film grown on Ge substrate is involved in criteria of nano-crystalline or amorphous.
Firstly, intensity ratio of D to G bands obviously reflects the structural status of carbon films.
According to the Ferrari's three stage model, the stage 1 shows the phase transition from single crystalline graphite to nanocrystalline one with 2~3 nm grain sizes, following Tuinstra-Koenig relation (I(D)/I(G)  1/La where La is crystallite size). It has been clearly confirmed in other works (13, 24, 25, 45) . On the other hand, when La, crystallite size, further decreases into zero, 8 (24, 25) . Other experimental results have also supported Lucchese's model (13, 25, 45, 46) . Back to our Raman spectrum, I(D)/I(G) of our Z-Gr is around 1 which implies that La is less than 1 nm. In the region between perfect amorphous and nano-crystalline graphene with La < 3 nm, the I(D)/I(G) does not show significant change and therefore it is hard to conclude our Z-CM is a glass from only the value of I(D)/I(G).
Another important parameter in Raman analysis is G band position. According to Ferrari's model, transition from nano-crystalline to amorphous carbon shifts the center frequency of G band from 1600 to 1510 cm -1 . However, in e-beam (or ion) induced defective graphene studies, G band is not shifted so much from 1600 cm -1 (13, 24, 45) . Our graphene also has G band at 1600 cm -1 .
Finally, it is well-known that the bandwidth of G band is broadened with increasing amorphization due to angular distribution of carbon rings. Bandwidth (FWHM: 20~25 cm -1 ) of crystalline graphene increases into 60~70 cm -1 at fully disordered stage (46). Our graphene has bandwidth of G band of 70 cm -1 .
In conclusion, it is hard to distinguish between nano-crystalline graphene with very small crystallite less than 3 nm and perfect amorphous graphene from Raman spectrum alone. So, other analytic tools (HR-TEM or electron diffraction) being able to directly figure out the atomic structure are necessary to confirm the amorphous phase.
note S2. XPS analysis.
The XPS analysis of Z-CM was performed on Ge catalytic substrate for maintaining its as-grown surface condition, because Z-CM transferred to another substrate suffer unavoidable surface contamination from DI water, kinds of etchant or organic solvents (eg, acetone). In our case, O1s XPS spectrum is not suitable for elucidating oxidation of Z-CM because the oxygen peaks (COO -, C=O and C-OH: 532, 533 and 536 eV, respectively) of oxidized G-CM, graphene, or HOPG overlap with Ge L3M23M23 Auger signal (~533.5 eV) and Ge-O peak (~532 eV), in the O1s XPS spectrum ( fig. S18 ). However, C1s XPS spectrum in Fig. 1E indicates the absence of oxygen on Z-CM. We believe that oxidation and/or etching by residual oxygen of inlet gases is ignorable, since oxygen or oxidizing impurities were minimized during Z-CM growth process. 
